Transgenic perennial ryegrass plants expressing wheat fructosyltransferase genes accumulate increased amounts of fructan and acquire increased tolerance on a cellular level to freezing 5 10 15 20
Introduction
Fructan, a polymer of fructose and a major component of nonstructural carbohydrates, is accumulated in many plants, especially C3 temperate grasses [1] .
The accumulation of fructan in temperate grasses and winter wheat during autumn is linked to both acclimation and resistance to attacks by snow molds [2] . Snow mold-resistant cultivars of temperate grasses accumulate higher levels of fructan and metabolize them at slower rates than susceptible cultivars [3] . Thus, fructan accumulation is associated with winter hardiness in temperate grasses. It has been concluded that at least four enzymes are involved in fructan synthesis in higher plants [4] .
These enzymes are sucrose-fructan 6-fructosyltransferase (6-SFT), sucrose-sucrose 1-fructosyltransferase (1-SST), fructan-fructan 1-fructosyltransferase (1-FFT) and fructan-fructan 6G-fructosyltransferase (6G-FFT). Following the cloning of cDNA of barley (Hordeum vulgare) 6-SFT [5] , genes encoding a range fructosyltransferases were isolated from several plants: 6-SFT from wheatgrass (Agropyron cristatum) [6] , big bluegrass (Poa secunda) [7] and winter wheat (Triticum aestivum) [8]; 1-SST from chicory (Cichorium intybus) [9] , globe artichoke (Cynara scolymus) [10] , onion (Allium cepa) [11] , Jersalem artichoke (Helianthus tuberosus) [12] , dandelion (Taraxacum officinale) [13] , tall fescue (Festuca arundinacea) [14] , winter wheat [8] , and perennial ryegrass (Lolium perenne) [15, 16] ; 1-FFT from globe artichoke [17] and Jersalem artichoke [12] ; and 6G-FFT from onion [18] . In some reports of transgenic plants carrying genes encoding the bacterial fructosyltransferase, the plants' tolerance of environmental stresses was tested. For example, the tobacco plants carrying SacB showed increased drought tolerance under drought stress conditions [22] and increased cold tolerance [23] , and those carrying levU, also a levansucrase gene, showed increased osmotic stress tolerance [24] . Also, the sugarbeet carrying SacB had enhanced resistance to drought [25] . Although
Schellenbaum et al. [26] reported changes in the fructan accumulation of transgenic tobacco plants carrying barley 6-SFT gene under drought stress, there has been no report on the improvement of tolerance to cold stress in transgenic plants carrying plant-derived fructosyltransferase genes.
Perennial ryegrass is one of the most important temperate grasses in the world because of its particularly high digestibility combined with its good tolerance to grazing and adequate seed production [27] . However, in general, perennial ryegrass has less winter hardiness than other temperate grasses, such as timothy (Phleum pratense) and orchardgrass (Dactylis glomerate), because of its greater susceptibility to snow mold diseases and freezing [28].
Materials and Methods

Callus induction
Embryogenic calli of diploid perennial ryegrass (cv. 'Riikka') were used for transformation. The calli were induced from seeds on callus induction medium (IM:
based on MS medium supplemented with 30 g/l sucrose, 500 mg/l casamino acid, 5 mg/l 2,4-D and 3 %(w/v) gellan gum, pH adjusted to 5.8 before autoclaving) [29] under dark conditions (25   5   10 15 20 o C).
Transformation of perennial ryegrass by particle bombardment
Transformation of perennial ryegrass plants were performed essentially as described by Spangenberg et al. [30] except that calli were used as materials for transformation in the present study.
Plasmids pE7133-SFT and pE7133-SST were constructed using pE7133-GUS [31] by replacing the GUS gene which was regulated by CaMV 35S promoter with coding region of wft1 (accession No. AB029887) and wft2 (accession No. AB029888), respectively ( Fig. 1A, B ). These plasmids were used for transformation by particle bombardment. pGreen0229 [32] containing bialaphos-resistant gene (bar) regulated by NOS (nopalin synthetase) promoter ( Fig. 1C ) was also used. These three plasmids were co-bombarded at every bombardment.
Six-to ten-week-old calli were transferred for osmotic pretreatment to osmotic 6 medium (OM0.3: based on IM containing 0.3M sorbitol and 0.3M mannitol). After three hours of pre-treatment with OM0.3, the calli were bombarded with gold particles coated with plasmids using a particle gun (GIE-III, Science TANAKA, Ishikari, Hokkaido, Japan 
Selection of transgenic plants by bialaphos
One week after the bombardment, the calli were transferred to bialaphos selection medium (based on IM containing 2 or 3 mg/l bialaphos) and grown for 4 weeks with a fortnightly subculture. Regeneration was performed on regeneration medium (based on MS medium supplemented with 30 g/l sucrose, 500 mg/l casamino acid, 0.1 mg/l 2,4-D, 1 mg/l BAP and 3% (w/v) gellan gum, and with its pH adjusted to 5.8 before autoclaving 
DNA isolation and PCR analysis
Total DNA was extracted from the leaves of perennial ryegrass plants following the CTAB method [34] . PCR was carried out in a total volume of 30 μl using 500 ng total DNA as a template and using rTaq™ (TaKaRa, Tokyo, Japan) as the DNA polymerase. To amplify transgenes wft1 or wft2, a primer specific to CaMV 1 min, and 72 o C for 1 min for wft2. These cycles were repeated 28 times, and the reaction mixture was then further incubated at 72 o C for 5 min.
RNA extraction and RT-PCR analysis
Total RNA was extracted from leaves of perennial ryegrass essentially by the method of Chomczynski and Sacchi [35] using a guanidine-HCl extraction buffer.
DNA was removed by treatment with DNaseI. The cDNA synthesis from total RNA and the PCR that followed were performed according to the method of Tominaga et al. 
Sugar extraction and determination
Results
Plant transformation
The transformation of perennial ryegrass plants with the wft1, wft2 and bar genes was performed by a particle bombardment-mediated method. The putative transformants obtained were selected on MS medium supplemented with 2 or 3 mg/l bialaphos.
The presence or absence of transgenes in the plants selected by bialaphos-resistance was examined by PCR amplification of the transgene sequences, which was followed by Southern blot analysis of the PCR products ( 
Determination of sugar and fructan contents by HPLC
The glucose, fructose, sucrose and fructan contents of the plants transgenic for wft1 and/or wft2 as well as those of the non-transgenic control plants were determined by HPLC (Fig. 4) . The fructan contents of the transgenic plants "7-2", "7-3", "9-1", "10-1" and "14-1" with wft1 or wft2 were three to fifteen-fold greater than those of non-transgenic plants (Fig. 4A ). There were significant differences in fructan content between all the plants transgenic for either wft1 or wft2 ("7-2", "7-3", "9-1", "10-1"
and "14-1"), and the non-transgenic plants. However, no significant difference in fructan content was detected between plants transgenic for both wft1 and wft2 ("2-3"
and "6-9") and the non-transgenic plants (Fig. 4A ). The sucrose, glucose and fructose contents were also measured ( Fig. 4B) . No difference in sucrose content was found between the transgenic plants and the non-transgenic plants, while significant differences in the glucose and fructose contents were detected between the transgenic plants that accumulated a large amount of fructan and the non-transgenic plants.
Analysis of transgene transcription
Total RNA was extracted from the leaves of transgenic and non-transgenic perennial ryegrass. The presence of the transcripts of transgenes was analyzed by RT-PCR. To confirm the specific amplification by RT-PCR, products of RT-PCR were further analyzed by Southern hybridization (Fig. 5 ). Transcripts of wft1 were detected in "7-3" and "14-1" plants that accumulated a large amount of fructan but were not detected in non-transgenic and "2-3" plants that accumulated less fructan ( Fig.  5A ). Also, transcripts of wft2 were detected in "7-2", "9-1" and "10-1" plants that accumulated a large amount of fructan, but were not detected in non-transgenic plants and "2-3" plants ( Fig. 5C ). The transcripts of the ubiquitin activating factor gene were equally amplified from every cDNA sample, suggesting that cDNA synthesis was done equally from each mRNA sample (Fig. 5B , D). 
Test of freezing tolerance
The comparison of freezing tolerance between transgenic ("7-2", "7-3", "9-1" and "10-1") and non-transgenic plants was carried out using the electrical conductivity method, also known as the ion leakage method, which has been used extensively to evaluate freezing tolerance through measuring the release of cellular electrolytes after freezing [37] ( Fig. 6 ). While there was no difference in electrolyte leakage between the plants after they were treated at -4 o C, the electrolyte leakages for transgenic plants were lower than for non-transgenic plants after the treatments at -8 o C and -12 o C.
This result indicated that transgenic plants that accumulated high levels of fructan have increased tolerance on a cellular level to freezing.
Discussion
We introduced the wheat fructosyltransferase genes, wft1 and wft2, regulated by CaMV 35S promoter, into perennial ryegrass for the purpose of improving its winter hardiness. We succeeded in obtaining transgenic perennial ryegrass plants that carry the wheat fructosyltransferase genes and accumulate greater fructan content than non-transgenic perennial ryegrass plants (see Fig. 4 ). Accumulation of transgene mRNA was detected in the transgenic perennial ryegrass plants (see Fig. 5 ).
However, the levels of mRNA and fructan contents in plants transgenic for both wft1
and wft2 were lower than those in plants transgenic for either wft1 or wft2. This can be attributed to the fact that multi-copies of transgene may induce homology-dependent gene silencing because two transgenes have the same promoter, and moreover, sequence-homology is very high between wft1 and wft2. We found that these plants showed increased tolerance on a cellular level to freezing compared with non-transgenic plants (see Fig. 6 ) in addition to increases in fructan content (see Fig. 4 ). Our present results thus demonstrate that the accumulation of fructan increased tolerance on a cellular level to freezing in perennial ryegrass. We
were not able to find other reports on increasing tolerance to freezing in transgenic plants that carried plant-derived fructosyltransferase genes. The accumulation of fructan is correlated with the resistance to snow mold diseases [3] . Further study is necessary to confirm the resistance to snow molds in transgenic plants.
In view of these circumstances, the isolation of fructan metabolism-related genes will enable us to genetically dissect fructan biosynthesis in grasses. This capability will be useful for elucidating the regulation and role of fructan metabolism in the process of promoting the winter hardiness of plants and predicting the physiological consequences of genetic manipulation. Transgenic plants that accumulate more fructan may also be useful for improving forage quality in breeding programs.
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